To obtain insights into the mechanisms of gastrulation and neural tube formation, we studied the function and regulation of expression of Hroth, the ascidian homologue of orthodenticle/otx, during embryogenesis. Microinjection of synthetic Hroth mRNA into fertilized eggs led to embryos with an expanded trunk and a reduced tail. In these embryos, development of notochord and muscle was effected. Also, Hroth overexpression caused ectopic formation of anterior neuroectoderm, along with suppression of epidermis development, even in the absence of cell-cell interaction. Furthermore, we demonstrated that ectodermal expression of Hroth requires an inductive influence from the vegetal hemisphere cells. These data suggest roles of Hroth in both specification of mesoendodermal cells and anterior neuroectoderm formation.
Introduction
Ascidians belong to the subphylum Urochordata that is a sister group of the lineage leading to cephalochordates and vertebrates (Schaeffer, 1987; Wada and Satoh, 1994) . Larvae of ascidians possess a body plan very similar to, but much simpler than, that of vertebrate embryos (Katz, 1983) . Crucial morphogenetic events during development occur in a similar manner in both animals. Gastrulation in ascidian embryos begins around the 110-cell stage (Satoh, 1978) . During gastrulation, precursors for the endoderm (the primordium of digestive organs and gill of juveniles) and the mesenchyme migrate anteriorly, while those for the notochord become to locate posterior to the endoderm, being flanked by the muscle. Larval ascidians possess a hollow neural tube as well. The anterior part of the ascidian neural tube bulges, forming the sensory vesicle that contains a pair of sensory pigment cells and most of the neurons within the neural tube (Katz, 1983; Nicol and Meinertzhagen, 1991) . The cells of the sensory vesicle are derived from three pairs of animal hemisphere cells at the 110-cell stage (Nishida, 1987) . Formation of the sensory vesicle depends on an inductive influence from the vegetal hemisphere (Rose, 1939; Okado and Takahashi, 1988; Nishida, 1991) . The induction occurs around gastrulation and is complete by the middle gastrula stage (Nishida and Satoh, 1989; Okado and Takahashi, 1990b) . After completion of the induction, the neural tube forms in a similar manner to that of vertebrates (Nicol and Meinertzhagen, 1988) . Taken together, ascidian embryos offer a special opportunity to study mechanisms of axis formation and neural tube formation that are characteristic of, and shared by, chordate embryos. To understand the mechanisms underlying these processes, we have decided to examine Hroth, a gene related to Drosophila orthodenticle (otd) and vertebrate otx genes, of the ascidian Halocynthia roretzi (Wada et al., 1996) .
So far, a number of otx homeobox genes have been iso-lated from vertebrates including mouse, chick, Xenopus and zebrafish (Simeone et al., 1992 (Simeone et al., , 1993 Li et al., 1994; BallyCuif et al., 1995; Blitz and Cho, 1995; Pannese et al., 1995) . Among these, otx2 genes exhibit a conserved expression in the anterior mesoendoderm and anterior neuroectoderm and play important roles during vertebrate embryogenesis (Simeone et al., 1992 (Simeone et al., , 1993 Li et al., 1994; Bally-Cuif et al., 1995; Blitz and Cho, 1995; Pannese et al., 1995) . To investigate function of Otx2, three groups have generated mice lacking the function of this gene (Acampora et al., 1995; Matsuo et al., 1995; Ang et al., 1996) . In the null mutant embryos, the phenotype first observed is disorganization of mesodermal cells during gastrulation. At later stages, mutant embryos fail to develop forebrain, midbrain and a region of hindbrain anterior to the rhombomere 3. On the other hand, overexpression experiments that would compensate for knockout experiments have been carried out in the Xenopus embryos (Blitz and Cho, 1995; Pannese et al., 1995) . Microinjection of Xotx2 mRNA causes reduction of the trunk and the tail, and results in embryos with partial secondary axis, ectopic cement glands and neural tissues. These findings suggest that mouse Otx2 and Xenopus Xotx2 possess conserved functions in the early phase of axis formation and ectoderm specification. However, roles of Xotx2 in the development of Xenopus brain remain to be elucidated because two groups reported contradictory results with regard to induction of neural markers by Xotx2 in the animal cap assay (Blitz and Cho, 1995; Pannese et al., 1995) . No functional analyses of otx2 cognates have yet been reported in chick and zebrafish. Therefore, although the importance of otx2 in neural development of vertebrate embryos is unambiguous, more information is required for understanding the roles of otx2 in this process. The expression pattern of ascidian Hroth is similar to that of vertebrate otx2 (Wada et al., 1996) . Hroth expression starts at the 32-cell stage in precursors of anterior neuroectoderm and of mesoendoderm. The onset of expression of Hroth in the anterior neuroectoderm lineage is earlier than that of any of neural genes described in ascidians so far. The expression persists in the anterior neuroectoderm during gastrulation and neurulation and becomes restricted to the sensory vesicle after the tailbud stage. In addition, anterior epidermis expresses Hroth from the neural plate stage onward. Mesoendodermal expression is evident up to the neural plate stage. The expression is confined to the precursors for the endoderm, mesenchyme and trunk lateral cells and excluded from the notochord lineage and the muscle lineage. Here, we report data on the function and regulation of Hroth in embryogenesis. Employing microinjection experiments together with hemisphere isolation and cleavagearrest experiments, we found that Hroth plays multiple roles that are distinct between animal and vegetal hemispheres. Present findings shed light on the mechanisms of mesoendoderm specification and neuroectoderm formation of the ascidian embryo.
Results

Phenotypes resulting from injection of Hroth mRNA into fertilized eggs
Initially, we injected 5, 16 or 54 pg of in vitro synthesized Hroth mRNA into fertilized eggs and reared them up to the swimming larva stage. As negative control, we injected mRNA of Hroth with a frame-shift mutation termed mHroth SphI . Embryos injected with a low dose (5 pg) of Hroth mRNA appeared normal during gastrulation but approximately 40% of them showed incomplete neurulation (Fig. 1A,B , D,E, see Table 1 ). They all developed into larvae with an expanded trunk and a straight but short tail containing a smaller number of notochord cells than normal larvae (Fig.  1C,F) . When embryos were injected with an intermediate dose (16 pg) of Hroth mRNA, approximately one-third of them showed a delay in gastrulation (Fig. 1H , Table 1 ). All of them showed incomplete neurulation ( Fig. 1I ) and resultant larvae were kinked and had a gross trunk and a short tail containing a few notochord cells (Fig. 1J) . Severest defects were observed in embryos injected with a high dose (54 pg) of Hroth mRNA. In all cases, no active cell movements were observed throughout development and thus neither gastrulation nor neurulation occurred (Fig.  1L ,M, Table 1 ). At the tailbud and swimming larva equivalent stages, the embryos consisted of small smooth surfaced ectodermal cells on one side and larger cells of mesoderm and endoderm on the other side (Fig. 1N) . The arrangement of cells in these embryos seemed to resemble that in the pregastrula embryos except that a protrusion formed at the posterior end (Fig. 1N, arrowhead) . The protrusion seemed to correspond to the tip of the tail, since expression of HrTT-1, a marker for the tip of the tail (Takahashi et al., 1997; Hotta et al., 1998) was observed in this structure (Fig.  1G,K) . Injection of 54 pg or lower doses of mHroth SphI mRNA always resulted in normal larvae (Fig. 1A-C) and injection of Hrlim (an ascidian LIM class homeobox gene; Wada et al., 1995) or HrHox-1 (the ascidian labial group Hox gene; Katsuyama et al., 1995) mRNA never caused such phenotype (data not shown). These findings suggest that overexpression of Hroth affects morphogenetic movement during embryogenesis, leading to abnormal larvae with a reduced tail and an enlarged trunk.
Development of mesodermal and endodermal tissues in Hroth-injected embryos
Since reduction of the tail was observed in Hroth-injected larvae, we analyzed the development of notochord and muscle, the major tissues in the tail, in embryos overexpressing Hroth. We examined expression of As-T (the ascidian homologue of mouse brachyury; Yasuo and Satoh, 1993) at the middle gastrula equivalent stage and the actin gene at the middle tailbud equivalent stage, as markers for notochord and muscle formation, respectively. In this and the following experiments, we employed high dose (54 pg) of Hroth mRNA, since the most typical effects were observed with this dose.
Expression of As-T was not detected in embryos injected with Hroth mRNA ( Fig. 2A) , while it was normal in control embryos injected with the same dose of mHroth SphI mRNA (Fig. 2D ). On the other hand, the expression domain of the actin gene was reduced and the level of expression was decreased in embryos injected with Hroth mRNA (Fig.  2B ), while it was normal in control embryos (Fig. 2E ). These findings suggest that overexpression of Hroth inhibits formation of notochord cells and to a lesser extent muscle differentiation.
In normal development, Hroth is expressed in the endoderm precursors in the vegetal hemisphere of gastrulating embryos, suggesting a role in endoderm formation. To test differentiation of the endoderm in Hroth-injected embryos, we carried out histochemical detection of alkaline phosphatase activity, which is known as an endoderm-specific marker (Nishida, 1993) , at the swimming larva equivalent stage. In control larvae, histochemical staining was detected in the endoderm (Fig. 2F) . A similar level of staining was also observed in a narrow region at the center of the vegetal hemisphere in larvae injected with Hroth mRNA (Fig. 2C). As mentioned in the previous section, cell movements including gastrulation and neurulation were inhibited in these embryos and the position of each tissue at the larva equivalent stage seemed to reflect that in pregastrula embryos, in which the endoderm precursors locate at the center of the vegetal hemisphere. Therefore, the stained region seemed to correspond to the original endoderm cells and, considering the size of the stained region, it is unlikely that Hroth overexpression promoted ectopic endoderm formation.
Hroth overexpression leads to expansion of domains of anterior neuroectoderm
We next investigated differentiation of ectodermal tissues in embryos overexpressing Hroth. We first examined expression of HrTBB2 (the ascidian b-tubulin gene; Miya and Satoh, 1997) and the tyrosinase related protein (TRP) gene (Sato et al., pers. commun.) , as markers for pan neuroectoderm and for anterior neuroectoderm, respectively, at the middle tailbud equivalent stage. Domains of expression of HrTBB2 and the TRP gene were strikingly expanded in embryos injected with Hroth mRNA (Fig. 3A,B) . Expression seemed to be restricted to one hemisphere of the embryo. Judging from the size of the cells, this seemed to correspond to the animal hemisphere. Expression of the two genes was normal in control embryos injected with mHroth SphI mRNA (Fig. 3D,E ). These findings suggest that Hroth-injected embryos form expanded neuroectoderm with an anterior character. To test if the expanded neuroectoderm in Hroth-injected embryos has a posterior character as well, we examined expression of HrHox-1 (the ascidian labial group Hox gene; Katsuyama et al., 1995) and Hrcad (the ascidian homologue of caudal/cdx; Katsuyama et al., in preparation) at the middle tailbud equivalent stage. HrHox-1 was expressed in the middle part of the neural tube and epidermis in control embryos (Fig. 4C) , while in Hroth-injected embryos, HrHox-1 expression was detected in a restricted area of the animal hemisphere adjacent to the tail tip-like structure (Fig. 4A) . Similarly, Hrcad was expressed in the neural tube and epidermis of the tail region of control embryos (Fig. 4D) , while Hrcad expression was detected in a limited region of the animal hemisphere near the tail tip-like structure, in Hroth-injected embryos (Fig. 4B) . These findings suggest that Hroth overexpression does not induce a posterior neural fate.
During normal development, the majority of the cells in the animal hemisphere develop into epidermis. Expansion of anterior neuroectoderm in Hroth-injected embryos could involve a decrease in epidermis cells. To test this possibility, expression of HrEpiD, a marker for epidermis (Ueki and Satoh, 1994; Ishida et al., 1996) was examined at the middle tailbud equivalent stage. The level of HrEpiD expression was remarkably decreased in embryos injected with Hroth mRNA (Fig. 3C) , as compared with that in normal or control embryos (Fig. 3F) . This finding suggests that overexpression of Hroth leads to both expansion of anterior neuroectoderm and concomitant reduction of epidermis.
Expression of Hroth in the animal hemisphere requires an inductive influence from the vegetal cells
In ascidian embryos, it has been shown that sensory vesicle formation is induced by vegetal cells around gastrulation (Rose, 1939; Takahashi, 1988, 1990b; Nishida and Satoh, 1989; Nishida, 1991) . If Hroth is involved in formation of the sensory vesicle, expression of Hroth in the sensory vesicle precursors could be under similar regulation. To address whether expression of Hroth in the animal hemisphere depends on an inductive influence from vegetal cells, we carried out cell isolation experiments. Animal hemisphere explants were prepared from the 8-cell stage embryos, cultured up to the middle tailbud equivalent stage and examined for expression of Hroth by in situ hybridization. We found that Hroth was not expressed in these explants (Fig. 5A,E) . We also examined expression of HrTBB2 and the TRP gene and found that it was also undetectable in the explants (Fig. 5B,C,F,G) . By contrast, HrEpiD was found to be expressed in the explants (Fig. 5D,H) . These findings suggest that Hroth expression, as well as sensory vesicle formation, depends on inductive signals emanating from the vegetal hemisphere after the 8-cell stage.
Hroth overexpression promotes neural development and inhibits epidermal development in animal hemisphere explants
On the basis of the above findings, we next examined whether exogenous Hroth is sufficient to activate expression of HrTBB2 and the TRP gene in animal hemisphere explants. Animal hemisphere explants prepared from 8-cell stage embryos injected with either Hroth or mHroth SphI mRNA at the 1-cell stage were examined for gene expression at the middle tailbud equivalent stage. Expression of HrTBB2 and the TRP gene was detected in the Hrothinjected explants (Fig. 6A,B) , but not in control explants from embryos injected with mHroth SphI mRNA (Fig.  6D,E) . We also examined expression of HrEpiD and found that it was reduced in the explants injected with Hroth, but not in the control explants (Fig. 6C,F) . These findings suggest that overexpression of Hroth is able to promote neuroectoderm formation in the animal hemisphere.
Hroth overexpression respecifies epidermal cells to a neural fate without cell-cell interaction
We next questioned whether activation of the expression of HrTBB2 and the TRP gene and suppression of HrEpiD expression by exogenous Hroth mRNA requires cell-cell interaction. For this, we used cleavage-arrested embryos, a unique system that has been established in ascidians and utilized in various experiments. Previous experiments have shown that cleavage arrested Halocynthia roretzi embryos by treatment with cytochalasin B at the 1-cell stage, develop to express exclusively epidermal markers (Hirano and Takahashi, 1984; Nishikata et al., 1988; Okado and Takahashi, 1990a) . In agreement with this, we found that 1-cell arrested embryos expressed HrEpiD but not Hroth, HrTBB2 or the TRP gene at the middle tailbud equivalent stage (data not shown). Thus we used 1-cell arrested embryos to examine whether cell-cell interaction is required for Hroth overexpression to exert its effects. Fertilized eggs were injected with either Hroth or mHroth SphI mRNA, reared in the presence of cytochalasin B and were examined for gene expression at the tailbud equivalent stage. Expression of both HrTBB2 and the TRP gene was detected in Hroth-injected embryos, but not in control embryos (Fig. 7A,B,D,E) . By contrast, expression of HrEpiD was reduced in Hroth-injected embryos when compared with control embryos (Fig. 7C,F) . These findings suggest that Hroth overexpression respecifies cells from an epidermal fate into a neural fate without cell-cell interaction.
Discussion
Possible roles of Hroth in vegetal hemisphere cells
Eggs injected with Hroth mRNA developed into larvae with an enlarged trunk and a reduced tail. Consistently, expression of As-T and the actin gene, which are markers for the notochord and the muscle, respectively, was downregulated in Hroth-injected embryos. As-T, which likely governs notochord development during ascidian embryogenesis, has been reported to be expressed exclusively in the cells fated to become notochord (Yasuo and Satoh, 1993) . However, we have recently found that expression of As-T is transiently detectable in the mesenchyme precursors and the endoderm precursors around the onset of the expression in the notochord precursors (Wada and Saiga, 1999; unpublished observation) . A similar observation was made in regard to muscle-specific genes. Detailed analyses of expression of the muscle-specific actin and myosin genes revealed that short-lived expression of these genes is initially detectable in the mesenchyme precursors, in addition to muscular expression (Satou et al., 1995) .
The above observations suggest that there are mechanisms that suppress expression of As-T in the precursors for the endoderm and mesenchyme, and mechanisms that repress expression of muscle specific genes in the mesenchyme precursors. As Hroth is expressed in the endoderm precursors and the mesenchyme precursors around the onset of expression of these genes, it is possible that Hroth is involved in these suppression mechanisms. Hroth may be responsible for specification of the endoderm and the mesenchyme by excluding notochord fate and muscle fate from these lineage cells (Fig. 8A) .
Recently, it has been shown that ascidian snail gene acts in subdivision of the paraxial mesoderm from axial mesoderm mediolaterally (Corbo et al., 1997; Fujiwara et al., 1998; Wada and Saiga, 1999) . In contrast to the snail gene, Hroth seems to pattern the mesoendoderm anteroposteriorly.
In Hroth-injected embryos, endoderm differentiation was unaffected. This suggests that Hroth expression itself is not sufficient for establishing endoderm fate. It has been shown that the LIM class homeobox gene Hrlim and class I fork head/HNF-3 gene (Corbo et al., 1997; Olsen and Jeffery, 1997; Shimauchi et al., 1997) are expressed in the endoderm precursors. Possible synergism between Hroth and these genes is an important issue to be studied. Loss of function experiments may also give an insight into the function of Hroth in endoderm formation.
Since formation and subsequent convergent extension of notochord cells have been suggested to be responsible for elongation of the tail in the ascidian embryo, the reduced tail phenotype in Hroth-injected embryos can be attributed in part to interference with notochord development. It is also possible that Hroth overexpression may affect not only differentiation but also cell movements of notochord cells. This notion is consistent with the expression pattern of Hroth during normal embryogenesis. Hroth expression is evident in the precursors for the endoderm, mesenchyme and trunk lateral cells that do not show convergent extension movement. By contrast, in the precursors of the notochord and endodermal strand that exhibit this movement, expression of Hroth is not observed.
Involvement of Hroth in sensory vesicle formation
Although several studies have revealed involvement of an inductive process in sensory vesicle formation in ascidian embryos (Nishida, 1991; Nishida and Satoh, 1989; Takahashi, 1988, 1990b) , little is known about the pathway downstream of the induction governing sensory vesicle formation. The present study provides lines of evidence suggesting that Hroth plays important roles in this pathway. First, the animal hemisphere cells failed to express Hroth in the absence of an inductive influence from the vegetal cells. Second, expression of a pan neuroectoderm marker and an anterior neuroectoderm marker was activated by Hroth overexpression in both whole embryos and the animal hemisphere explants. Suppression of expression of an epidermal marker was observed at the same time. Finally, activation of the neural markers and suppression of the epidermal marker by Hroth overexpression required no cell-cell interaction. These findings and the expression profile of Hroth are in good agreement with the view that during development, expression of Hroth in the sensory vesicle precursors is induced by vegetal cells and induced Hroth expression is subsequently involved in sensory vesicle formation by promoting neural fate and inhibiting epidermal fate (Fig.  8B) .
In vertebrates, a group of basic helix-loop-helix transcription factors such as neurogenin (Ma et al., 1996) have been shown to promote neural development. More recently, a family of zinc-finger factors (Zic) has been shown to be an important regulator of neural development (Nakata et al., 1997; Mizuseki et al., 1998) . Interestingly, effects of overexpression of Hroth on ectoderm specification described here are in some aspects similar to those of neurogenin or Zic genes in Xenopus embryos. Identification and characterization of ascidian counterparts of these genes will contribute to a better understanding how neural development progresses in ascidian embryos and how Hroth participates in this process.
Despite the inhibitory effect of Hroth overexpression on epidermal development, Hroth is expressed in the anterior part of the epidermis in later stages of normal embryogenesis (Wada et al., 1996) . This discrepancy may be explained by difference in timing of activation of Hroth expression. The expression in the epidermis begins at the neural plate stage during normal embryogenesis, when expression of many epidermis-specific genes are already established (Ishida et al., 1996; Wada et al., 1996) . Under these circumstances, the function of Hroth to induce neural fate must be masked and/or Hroth expression may have another function in epidermal lineage after the neural plate stage.
Comparison of function in neural development between vertebrate otx2 and Hroth
Overexpression experiments with Xenopus Xotx2 and knockout experiments with mouse Otx2 have pointed to a common function of vertebrate otx cognates in rostral brain formation (Acampora et al., 1995; Blitz and Cho, 1995; Matsuo et al., 1995; Pannese et al., 1995; Ang et al., 1996) . Our present results suggest that a role in development of anterior neuroectoderm is also conserved in the ascidian otx cognate and thus it is a function of old origin of this gene family in chordates.
The mode of action of mouse Otx2 during neural development is complex because inductive influences from the anterior mesoendoderm and the primitive endoderm, both of which express Otx2, have been shown to play a critical role in the formation and regionalization of the neural tube. Thus, Otx2 could function in the production of inductive signals. Rhinn et al. (1998) have demonstrated by chimeric studies that mouse Otx2 is required not only in the ectoderm itself for specification of the neuroectoderm, but also in the primitive endoderm for induction of the rostral brain. The result of the present study, demonstrating that Hroth is able to activate expression of HrTBB2 and the TRP gene in a cell-autonomous manner is consistent with the function of Otx2 in the ectoderm demonstrated in mouse embryos.
On the other hand, it remains unclear whether endodermal Hroth has an inductive role in the sensory vesicle formation. In Halocynthia roretzi, it has been shown that the precursors for the caudal neural tube are necessary and sufficient for induction of the sensory pigment cells (Nishida, 1991) . However, in other species the endoderm precursors have been reported to be a source of inductive influences to develop ectoderm derivatives such as the sensory vesicle and the adhesive organs (Reverberi et al., 1960; Ortolani and Patricolo, 1984) . Our next step is to investigate whether Hroth expression in the endoderm precursors plays an inductive role in specification of the ectoderm.
Materials and methods
Embryos
Adult ascidians, Halocynthia roretzi, were obtained from fishermen near Asamushi Marine Biological Station, Tohoku University, Aomori, Japan and Otsuchi Marine Research Center, Ocean Research Institute, University of Tokyo, Iwate, Japan. Naturally spawned eggs were fertilized with a suspension of sperm from other individuals. Fertilized eggs were raised at 11-13°C.
Microinjection of RNA
Microinjection of RNA into fertilized eggs was carried out according to Kusakabe et al. (1995) and Yoshida et al. (1996) . For RNA synthesis, full-length cDNA of Hroth was subcloned into the NotI site of the pBluescriptRN3 vector (Lemaire et al., 1995) . The recombinant plasmid was linearized with SfiI and transcribed with T3 polymerase using mMessage mMachine (Ambion). Template DNA was degraded by RNase-free DNase I. RNA was recovered by LiCl precipitation followed by phenol/chloroform extraction and precipitation with isopropyl alcohol. To create Hroth cDNA with a frame-shift mutation (mHroth SphI ), pBluescriptRN3 carrying Hroth cDNA was digested with SphI, protruding ends were removed with T4 DNA polymerase and the plasmid was self-ligated. This introduced a mutation upstream to the homeobox, resulting in the mRNA encoding a truncated HROTH protein that lacks the homeodomain and the C terminus region.
Preparation of animal hemisphere explants
Fertilized eggs, injected with RNA when necessary, were dechorionated manually with sharp tungsten needles and reared in Millipore-filtered sea water (MFSW), containing 100 mg/ml streptomycin and 100 units/ml penicillin, until embryos reached the 8-cell stage. Animal hemispheres were isolated manually from 8-cell stage embryos using a fine glass needle, cultured in MFSW and fixed for in situ hybridization.
Treatment with cytochalasin B
Treatment with cytochalasin B was carried out according to Hirano and Takahashi (1984) . Fertilized eggs were injected with RNA if necessary, and cultured in MFSW containing cytochalasin B (2 mg/ml) and fixed for in situ hybridization.
Whole-mount in situ hybridization and histochemical staining for alkaline phosphatase
Whole-mount in situ hybridization was carried out as described previously . Histochemical staining for alkaline phosphatase was carried out according to Nishida (1993) .
